Pockel's effect and optical rectification induced by the built-in electric field in the space charge region of a silicon surface layer are demonstrated in a {001}-cut high-resistance silicon crystal. The half-wave voltage is about 203 V, deduced by Pockel's effect. The ratio χ ð2Þ zxx ∕χ ð2Þ zzz is calculated to be about 0.942 according to optical rectification. Our comparison with the Kerr signal shows that Pockel's signal is much stronger. This indicates that these effects are so considerable that they should be taken into account when designing silicon-based photonic devices.
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OCIS Thanks to the expectations and efforts for all-silicon monolithic integration, silicon photonics has attracted a great deal of interest in recent years [1] [2] [3] [4] . Among the various components of all-silicon monolithic integrated circuits [5] [6] [7] [8] [9] [10] , the optical modulator is a primary member [11, 12] . It is well known that second-order nonlinear optical effects are absent in an ideal silicon crystal because of the property of center symmetry, which greatly limits the applications of silicon crystal in the optical modulator field.
Most of the current silicon modulators take advantage of the free-carrier plasma dispersion effect [13] [14] [15] [16] . The bandwidth of these devices is always subject to the carrier lifetime and RC time constant which is the product of the resistance and capacitance, and these devices often have high light loss and power dissipation.
Pockel's effect (PE), also called the linear electrooptical effect, is not affected by the carrier lifetime, and it is possible to give it a large modulation bandwidth, owning to its extremely short response time with picosecond orders. Meanwhile, a small modulating voltage can be used for a dramatic phase and amplitude modulation [17] . In fact, an actual silicon crystal, an electric field or a magnetic field, or stress is able to break its inversion symmetry, which gives rise to an induced PE in the silicon crystal. Therefore, research on silicon modulators based on PE becomes a promising approach. The report of the strained silicon waveguide Mach-Zehnder interferometer modulator in 2006 gave us a boost in confidence, although the device has a small χ ð2Þ of 15 pm/V [18] . Near the silicon crystal surface, the existence of the built-in electric field in the space charge region (SCR) breaks the inversion symmetry [19] , which produces the so-called electric-field-induced (EFI) second-order nonlinear optical effects. Compared with the strain-induced PE in silicon, the EFI-PE has a more simplified process in that it does not need another material, such as SiO 2 or Si 3 N 4 , to be deposited on the silicon layer. Realizing modulation only with a single silicon material is in favor of actualizing the all-silicon monolithic integration.
In previous experiments, we demonstrated the EFI-PE and optical rectification (OR) in the SCR of a silicon (111) surface layer using a metal-insulator-semiconductorinsulator-metal structure [20] [21] [22] . In this Letter, we demonstrate the EFI-PE and OR in the SCR of a silicon {001} surface layer. The half-wave voltage V π and the ratio of χ ð2Þ zxx ∕χ ð2Þ zzz are calculated. In addition, the Kerr effect is examined in the silicon crystal. The Kerr signal turns out to be much smaller than the EFI-PE signal. The PE and OR are so considerable in silicon that they should be taken into account when designing silicon-based photonic devices, especially modulators.
The sample is a {001}-cut high-resistance silicon singlecrystal wafer sandwiched between two metal electrodes, as shown in Fig. 1(a) . The silicon sample is an un-doped n-type single crystal with a resistivity of more than 1000 Ω cm. The size of the crystal is 20 mm × 10 mm× 3 mm. All six surfaces of the rectangular block wafer are polished before the experiments. In order to eliminate the free carrier plasma dispersion effect, a thick enough (160 μm) polyester insulating layer fills in each gap between the crystal surface and the electrode, which keeps the carriers from injecting into the crystal from the metal electrodes. The {001} surface layers of silicon possess C 4v symmetry, which means that the {001} surface layers can be taken as uniaxial crystals whose optical axes are h001i axes [17] . According to the theory of PE [23] , when a modulating electric field E ¼ E 0z cosðΩtÞ is applied along the [001] axis and the probing beam propagates along [010] direction, where Ω is the frequency of the modulating voltage, the phase retardation can be written as
where Δϕ 0 is the natural phase retardation because of the surface layer symmetry, and ΔϕðEÞ is the phase retardation induced by the PE, and they are decided by
ΔϕðEÞ ¼ 2πl χ
where n e and n o are refractive indices of the extraordinary light and the ordinary light, respectively, l is the propagating length, λ is the wavelength of the probing beam in the vacuum, and χ ð2Þ zzz and χ ð2Þ xxz are the two non-zero components of the effective second-order susceptibility tensor.
The transverse electro-optic measurement system is shown in Fig. 1(b) . A 10 kHz voltage is applied along the z-axis, and a light of 1342 nm from a 200 mW laser propagates through the SCR of the crystal surface layer along the y-axis. The total capacitance of the sample structure without a 10 kHz bias, about 31 pF, is measured. Most of the applied voltage drops on the insulating layer, and only a little voltage drops on the subsurface SCR of the silicon crystal, which satisfies the small signal model. The polarizations of the polarizer and the analyzer are 45°w ith respect to the x-axis on either side. The optical axis of the quarter-wave plate is parallel to the x-axis. Then, calculated by the Jones matrix, the intensity of the output beam I o can be expressed as below:
where (2) can be ignored. The output beam is somewhat dispersed when coming out from the silicon sample and the analyzer, so two lenses are used to focus the beam on a Ge photodetector. The measured electro-optic signal curve is shown in Fig. 2 . The electro-optic signal shows an almost perfectly linear relationship with the applied voltage, which is in agreement with the theoretical expectation.
The carrier density is about 4.46 × 10 12 cm −3 , calculated according to the resistivity. So the Debye length L D in the silicon surface layer can be calculated by
where ε 0 is the permittivity of free space, ε rs ¼ 11.9 is the dielectric constant of silicon, k is the Boltzmann constant, T is the absolute temperature in Kelvins, N is the carrier density, and e is the elementary charge. The result is L D ≈ 1.96 μm at 300 K. The flat-band capacity of silicon is estimated to be about 11.7 nF. The relationship between the measured electro-optical signal V eo and the applied voltage V appl is expressed as
where Þl is the half-wave voltage, α is a factor depending on the photodetector and lock-in amplifier, d is the effective charge layer thickness, C i is the capacity of the insulating layer, which is calculated to be about 33.2 pF, and C s is the effective capacity of silicon crystal. In order to investigate the half-wave voltage V π , we remove the silicon crystal and use a chopper instead of a signal generator to give the lock-in amplifier a reference signal. The optical signal is measure to be about 48.3 mV. However, the thickness of the SCR is only about 2.0 μm, and the light beam waist is more than 1 mm. So the light signal transmitting through the SCR is much less than 48.3 mV. Considering the slope of the fitted function in Fig. 2 and assuming   1 2 αI i ≈ 2 mV, we estimate that the half-wave voltage V π is about 203 V.
According to the theory of nonlinear optics, the Kerr effect becomes considerable in a centrosymmetric crystal. The measured electric-optic signal with the frequency of 2 Ω is the Kerr signal, which is shown in the insert figure of Fig. 2 . The dependence of the Kerr signal on the applied voltage is a perfect quadratic curve. It is noted that the coefficient of the fitted function of Pockel's signal is over 300 times larger than that of Kerr signal. The ratio of the PE signal and the Kerr signal increases with the decrease of the applied voltage. At the applied voltage of 5 V, the EFI-PE signal is 41.5 times greater than the Kerr signal.
The OR can be taken as the inverse effect of the PE. Typically, they exist simultaneously in the SCR of silicon. In order to investigate the EFI-OR, the same silicon crystal that directly contacts the electrodes is used in the experiment, as shown in Fig. 3(a) . The OR measurement system is shown in Fig. 3(b) . The light propagates through the surface layer SCR of the silicon crystal along the y-axis. The polarization of the polarizer is parallel to the x-axis. Then, the dc polarization along the z-axis can be expressed as 
where θ is the azimuth angle of the probing beam, EðωÞ is the electric field strength of the probing beam, and χ ð2Þ zzz and χ
zxx are the components of the effective second-order susceptibility tensor. By rotating the half-wave plate to change the azimuth θ, we measured the anisotropy of the EFI-OR, as shown in Fig. 4 . It is clear that the OR signal shows a cosine dependence on the azimuth θ. The solid line is the fitted curve, and the fitted equation is
The experimental result and fitted curve agree well with the theoretical formula [Eq. (7)]. It is noted that there is a considerable background independent of the azimuth θ, which corresponds to the first item on the right hand of Eqs. (7) and (8) . One possible reason is that the values of χ ð2Þ zzz and χ ð2Þ zxx are very close, so their sum value is much larger than their difference value. Another contribution may be due to the absorption related to defects, impurities, and surface states, as our silicon crystal is merely n-type. Photo-generated carriers may be collected by the electrodes, giving rise to a detectable signal independent of the azimuth θ. If we neglect the latter factor and the influence of two-photon absorption, according to the fitted function of Eq. (6), the ratio of χ ð2Þ zxx ∕χ ð2Þ zzz is calculated to be approximate to 0.942.
The EFI-PE is observed in the SCR of a {001}-cut un-doped n-type crystal. This conforms to our expectation because of the change of the symmetry in the SCR. The linear dependence of the PE signal on the applied voltage is perfect. Contrasted against the Kerr effect, the EFI-PE is much stronger. As always appears simultaneously with PE, the EFI-OR is also observed in the SCR of the sample. The experimental data and the fitted curve agree well with the theory. Using the corresponding relation between the coefficient of the experimental fitted curve and the theoretical formula, we estimate the ratio to be χ ð2Þ zxx ∕χ ð2Þ zzz ≈ 0.942. Our experiments manifest the EFI-PE and OR to be so conspicuous that these effects should be considered in designing silicon-based photonic devices, such as optical modulators and optical waveguides. In addition, these effects can be used as a tool to study the properties of the surfaces or interfaces of silicon devices. 
